Cognitive decline is a feared aspect of growing old. It is a major contributor to lower quality of life and loss of independence in old age. We investigated the genetic contribution to individual differences in nonpathological cognitive ageing in five cohorts of older adults. We undertook a genome-wide association analysis using 549 692 single-nucleotide polymorphisms (SNPs) in 3511 unrelated adults in the Cognitive Ageing Genetics in England and Scotland (CAGES) project. These individuals have detailed longitudinal cognitive data from which phenotypes measuring each individual's cognitive changes were constructed. One SNP-rs2075650, located in TOMM40 (translocase of the outer mitochondrial membrane 40 homolog)-had a genome-wide significant association with cognitive ageing (P ¼ 2.5 Â 10 À 8 ). This result was replicated in a meta-analysis of three independent Swedish cohorts (P ¼ 2.41 Â 10 À 6 ). An Apolipoprotein E (APOE) haplotype (adjacent to TOMM40), previously associated with cognitive ageing, had a significant effect on cognitive ageing in the CAGES sample (P ¼ 2.18 Â 10 À 8 ; females, P ¼ 1.66 Â 10 À 11 ; males, P ¼ 0.01). Fine SNP mapping of the TOMM40/APOE region identified both APOE (rs429358; P ¼ 3.66 Â 10 À 11 ) and TOMM40 (rs11556505; P ¼ 2.45 Â 10 À 8 ) as loci that were associated with cognitive ageing. Imputation and conditional analyses in the discovery and replication cohorts strongly suggest that this effect is due to APOE (rs429358). Functional genomic analysis indicated that SNPs in the TOMM40/APOE region have a functional, regulatory non-protein-coding effect. The APOE region is significantly associated with nonpathological cognitive ageing. The identity and mechanism of one or multiple causal variants remain unclear.
INTRODUCTION
As human life expectancy has increased, addressing the causes of bodily ageing and age-related diseases has become a higher priority in research. Like aspects of physical function, many cognitive abilities decline with age. Cognitive decline can begin in the 20s or 30s, although it is gradual in most people, and even from the 50s onwards the change can be modest in those who do not have dementia or a physical illness that affects cognitive functions. 1, 2 By old age, most people will have cognitive decrements compared with their earlier capabilities, but there are individual differences in the severity of this change, even in people who do not have dementia or mild cognitive impairment. 3 Age-related cognitive impairment is an increasing problem for society and one that carries with it high personal, social and economic burdens. 4, 5 As the global population aged over 60 years is set to rise threefold to 2 billion by 2050, the burden of agerelated cognitive impairment on society will increase. 6 Research must address the causes of the early stages of cognitive ageing in order to preserve healthy brains and help delay or prevent dementia, and allow older individuals to enjoy a more independent and active old age.
Identifying the risk factors for individual differences in agerelated cognitive decline is, therefore, among the greatest challenges facing the health care of older people. Twin studies have attempted to identify genetic influences on cognitive ageing; however, until recently, the proportion of the variance in lifetime cognitive change explained by genetic and environmental influences remained unknown, not least because it is rare to find appropriate samples with cognitive abilities tested repeatedly over a sufficiently long period. [7] [8] [9] [10] Deary et al., 11 using three of the cohorts included in the present study, utilised population-based genetic analyses to quantify the genetic and environmental contribution to stability and changes in intelligence differences for most of the human lifespan. Our estimate of the lower limit of the narrow-sense heritability of lifetime (age 11 to old age) cognitive change was 0. 24 (±0.20) , and the genetic correlation between childhood and old age intelligence was estimated to be 0.62 ( ± 0.22). These results suggest that genetic factors may have a role in cognitive change between childhood and old age.
A replicated finding in nonpathological, age-related cognitive change is a small contribution from variation in the Apolipoprotein E (APOE) gene; the other suggested individual genetic contributions are largely unreplicated. 12, 13 A meta-analysis indicated that cognitively healthy carriers of the APOE e4 allele, previously associated with late-onset Alzheimer's disease (LOAD), performed worse on several domains of cognitive ability and this effect increased with age. 13 A recent genome-wide association study (GWAS) of age-related cognitive decline also reported a genomewide significant finding for APOE; however, the discovery and replication cohorts included a large proportion of individuals with mild cognitive impairment or with Alzheimer's disease (AD), with just 60% of the discovery cohort being classified as cognitively normal.
14 APOE is located in a gene-dense region of chromosome 19, and the association of this region with AD has been known for many years and has been the subject of many studies. 15, 16 The APOE e2 allele has been found to be positively associated with survival and longevity in older adults and appears to have a protective effect in LOAD. 13, 17, 18 There is evidence that APOE e3 carriers with a long poly-T repeat (rs10524523 or '523') in the neighbouring TOMM40 (translocase of the outer mitochondrial membrane 40 homolog) gene have an earlier age of onset of LOAD than those with shorter '523' repeats. 19 Other variants in TOMM40 have also been associated with LOAD (http://www.alzgene.org/), but few studies have examined the influence of TOMM40 on nonpathological cognitive decline. A small study showed that APOE e3 homozygotes with long '523' repeats have decreased memory abilities and grey matter volumes compared with those with shorter repeats. 20 In a longitudinal study across most of the ninth decade, both APOE e4 and '523' repeats were associated with age-related cognitive decline, but there was no interaction between the two genes. 21 Ideally, longitudinal cognitive data should be collected over more extensive periods of time to discover any genetic causes of cognitive ageing, because each is likely to have a small effect.
Here we report a GWAS of nonpathological cognitive ageing. We investigate the genetic contribution to individual differences in cognitive change by performing a GWAS using five UK cohorts of older adults (N ¼ 3511) with longitudinal cognitive ability data, and by attempting replication in three independent Swedish cohorts (N ¼ 1367).
MATERIALS AND METHODS

Cohort descriptions
The five UK cohorts described below make up the Cognitive Ageing Genetics in England and Scotland (CAGES) consortium (Supplementary  Table S1 ). These are the discovery samples. Three Swedish cohorts are the replication samples (Supplementary Table S1 ).
Discovery cohorts
The Lothian Birth Cohort 1921 (LBC1921). The LBC1921 is a longitudinal study of cognitive ageing conducted at the University of Edinburgh. Individuals recruited into the LBC1921 were all born in 1921 and most had completed the Moray House Test (MHT) no. 12 assessment of general intelligence in the Scottish Mental Survey 1932 at a mean age of 11 years. 22, 23 A total of 550 individuals (234 men and 316 women) were recruited and tested at a mean age of 79.1 years (s.d. ¼ 0.6). 24 The recruitment and retesting of these individuals in old age has been described previously. 23, 24 Following informed consent, venesected whole blood was collected for DNA extraction. Ethical approval was obtained from Lothian Research Ethics Committee.
The Lothian Birth Cohort 1936 (LBC1936).
The LBC1936 is a longitudinal study of cognitive ageing conducted at the University of Edinburgh. Individuals recruited into the LBC1936 were all born in 1936 and most had completed the MHT, in the Scottish Mental Survey 1947, at a mean age of 11 years. 23, 25 A total of 1091 participants (548 men and 543 women) were recruited and tested individually at a mean age of 69.5 years (s.d. ¼ 0.8).
The recruitment and retesting of these individuals in old age has been described previously. 26 Following informed consent, venesected whole blood was collected for DNA extraction. Ethical approval was obtained from Scotland's Multicentre Research Ethics Committee and Lothian Research Ethics Committee.
Aberdeen Birth Cohort 1936 (ABC1936). The ABC1936 is a longitudinal study of cognitive ageing conducted at the University of Aberdeen. Individuals recruited into the ABC1936 were all born in 1936 and most had completed the MHT in the Scottish Mental Survey 1947 at a mean age of 11 years. 23, 25 The recruitment and retesting of these individuals in old age has been described previously. 24 A total of 498 relatively healthy participants (243 men and 255 women) were traced and tested at a mean age of 64.6 years (s.d. ¼ 0.9). Following informed consent, venesected whole blood was collected for DNA extraction. Ethical approval was obtained from the Grampian Research Ethics Committee. At the outset of the study, 6063 volunteers were available (1825 men and 4238 women), with a median age of 65 years and a range from 44 to 93 years. The Dyne Steel DNA Archive for Ageing and Cognition was established following invitation to all participating volunteers between 1999 and 2004. Approximately 2000 volunteers attended the Universities (or, in some cases, were visited at home). These volunteers had undergone biennial cognitive test sessions with two alternating different task batteries. The average number of sessions participated in by volunteers for battery A was four and for battery B was three. The median interval between first and last test session was 14 years (range 12-18 years). Following informed consent, venesected whole blood was collected for DNA extraction. Ethical approval was obtained from the University of Manchester.
Replication cohorts
Three related twin studies from the Swedish Twin Registry were used in the replication analyses. 28 The Swedish Adoption/Twin Study of Aging (SATSA). SATSA includes a matched sample of same-sex twin pairs reared apart with those reared together. 29, 30 In-person testing (IPT) sessions included those X50 years old and were conducted at 3-year intervals with the exception of a gap at IPT4 that encompassed a telephone interview only. DNA was extracted from blood samples collected at the third or subsequent IPT sessions. Cognitive data and marker information were available for those without prevalent dementia for up to 633 individuals (58.8% female) among 372 pairs and with up to five waves (IPT1-IPT3, IPT5 and IPT6) of data. 
Phenotype construction
For fluid-type intelligence in old age, principal components analysis (PCA) was used in the following cohorts to derive a general intelligence factor (strictly, PCA does not produce 'factors', but this is common usage): the LBC1921, LBC1936 and ABC1936. In each case, the scores on a number of fluid-type cognitive tests were subjected to PCA. Fluid cognitive tests typically show age-related decrements. In all cases, a single component was indicated (using analysis of the scree slope and the Eigenvaluesgreater-than-one criterion), and was extracted. Individuals' scores on the first unrotated principal component were used as the indicator of general fluid-type intelligence (g f ). The tests used to form the g f factor in the LBC1921 were the MHT, 23 Raven's Standard Progressive Matrices, 33 Logical Memory 34 and Verbal Fluency. 35 The tests used to form the g f factor in the LBC1936 were six tests from the Wechsler Adult Intelligence Scale (WAIS)-IIIUK: 36 Digit Symbol Coding, Block Design, Matrix Reasoning, Digit Span Backward, Symbol Search and Letter-Number Sequencing. The tests used to form the g f factor in the ABC1936 were Raven's Standard Progressive Matrices, 33 Digit Symbol, 37 Uses of Common Objects 38 and Auditory Verbal Learning Test. 35 The g f factors for each cohort were then adjusted for prior cognitive ability using the MHT scores at age 11, thus providing a quantitative measure of cognitive change from age 11 to old age. Both g f and age 11 MHT scores were adjusted for age in days at the time of testing before the creation of the cognitive change measure. These measures were extracted and standardised independently for males and females.
A fluid intelligence variable (g f ) for the Manchester and Newcastle cohorts was derived from the Alice Heim 4 and Cattell Culture Fair tests overall total correct score. 27 In all cases, men and women were examined and scores standardised separately. Growth curve models were estimated that took the 0 point on the age scale as age 70 years, and measured variation about that in units of 10 years. Data were available for up to four occasions of measurement. The fixed part of the models that described the overall pattern of change in the construct for the sample as a whole included linear and quadratic age terms. In addition, to account for possible artifactual improvement due to practice effects (a single-step function), each test score was allowed to increment between the first and subsequent occasions in which each particular test was taken. Individual differences were accounted for by allowing subject-specific random effects for the intercept, describing the within-sample variation in performance at age 70 years and, for a linear growth term, describing the individual differences in the trend of cognitive decline over the period of follow-up. The random effects were assumed to be bivariate normally distributed and the models estimated in gllamm by maximum likelihood using adaptive quadrature (www.gllamm.org). Incomplete data observations were included under an assumption that the missing scores were missing at random (MAR), allowing attrition to be selective with respect to age, sex and observed test scores. Subject-specific intercepts and linear trends were estimated using empirical Bayes methods. The above fully describes the model in the circumstance where a single repeated cognitive test was available. Where multiple tests were available at each occasion, then a factor growth model was estimated as illustrated in Supplementary Figure  S1 for the two-measure case. Different tests were allowed different means, scales and error variances but the tests were assumed to reflect a single underlying construct with a common trend.
The cognitive outcome for the combined SATSA, Gender and OCTOTwin analyses included the first unrotated principal component from a PCA of four tests in common across the three studies spanning crystallised/ verbal (Synonyms), fluid/spatial (Block Design), perceptual speed (Symbol Digit) and episodic memory (Thurstone Picture Memory) domains. 39 PCA scores across waves were constructed by applying standardised scoring coefficients to test scores standardised against the first in-person occasion means and s.d. values, and transformed into t-score units within gender (mean ¼ 50, s.d. ¼ 10 at the first occasion within gender). The combined sample size was 1367 (582 men and 785 women).
In the Swedish cohorts, for individuals who developed incident dementia, cognitive scores were set to missing for the data collected after age of dementia onset. Growth curve models were fitted centering on age 70 years, with change parameters in units of 10 years. The fixed effect model included intercept, linear and quadratic age terms. In addition, a retest effect accounted for possible improvement due to practice effects (a single-step function between the first and subsequent testing occasions). The random effects model allowed for individual variation for the intercept (performance at age 70 years), a linear growth term (estimating the linear trend at age 70 years) and nonlinear quadratic change across age. Dependency among pairs was accounted for by including between-and within-pair random effects. The growth models were fitted in SAS PROC Mixed (Cary, NC, USA) by full maximum likelihood estimation. Those with incomplete data were included in the model fitting.
Genotyping and quality control Replication cohorts. Genotyping of rs2075650 was available for the Swedish cohorts from the Cardio-MetaboChip (Illumina) that provided coverage across the genome as well as rare variants implicated in metabolic and cardiovascular disease traits. Genotyping was performed by the Uppsala University SNP technology platform (http://www.molmed. medsci.uu.se/SNP+SEQ+Technology+Platform/Genotyping/SNP_methods_ and_references/). APOE genotyping. For LBC1936 and ABC1936, APOE SNPs rs7412 and rs429358 were genotyped using TaqMan technology (Applied Biosystems, Carlsbad, CA, USA) by the Wellcome Trust Clinical Research Facility Genetics Core, Western General Hospital, Edinburgh. For LBC1921, APOE haplotype was determined by PCR amplification of a 227-bp fragment of the APOE gene containing two polymorphic sites (rs7412 and rs429358) that account for the three alleles, e2, e3 and e4, followed by restriction digest with Cfo1, and electrophoresis in 4% NuSieve gels. 40 The Manchester and Newcastle cohorts were genotyped by Sequenom using the iPLEX method. This method has been described previously. 41 For replication cohorts, the APOE SNPs, rs7412 and rs429358, were assayed using Illumina GoldenGate assays (Illumina).
Genotyping of TOMM40/APOE region. To follow up the significant GWAS result located in the TOMM40 gene (see below), 62 SNPs were tested that covered the TOMM40/APOE region of chromosome 19. SNPs were identified from several sources (HapMap, 1000 Genomes project (NCBI dbSNP Build 131) and The Duke Bryan Alzheimer's Research Center cohort 42 ) with the criterion that they had previously been validated in a Caucasian population. These SNPs were then genotyped in the CAGES cohorts using an OpenArray Real-Time PCR system (Applied Biosystems). Six SNPs were genotyped using TaqMan technology (Applied Biosystems), because it was not possible to genotype them using the OpenArray method. Genotyping was performed at the WTCRF Genetics Core, Western General Hospital, Edinburgh. Quality control was performed on these SNPs and 54 were retained for analysis. SNPs were excluded if they failed to achieve a 90% call rate. Minor allele frequencies and Hardy-Weinberg equilibrium were checked but no exclusions were made.
Imputation of TOMM40/APOE region. The GWAS and fine mapping data were combined to provide the most detailed genotyping available for the region of interest. In all, 2684 SNPs were imputed, using the Minimac software (genome.sph.umich.edu/wiki/Minimac), in a 200-kb region surrounding TOMM40/APOE. The 1000 Genomes v2 was used as the reference sample. An imputation quality cutoff of 0.3 and a minor allele frequency o0.005 filter were applied to the data before analysis. After quality control, 594 SNPs remained.
Polymorphic poly-T variant. A polymorphic poly-T variant, rs10524523 (hereinafter '523'), in the TOMM40 gene was previously genotyped in LBC1921 by Polymorphic DNA technologies (Alameda, CA, USA). 21 For this study, LBC1936, and the Manchester and Newcastle Cohorts were genotyped by the Roses laboratory using a method described previously. 43, 44 Briefly, TOMM40 '523' poly-T genotypes were determined based on length variation. The '523' region of each genomic DNA sample was PCR amplified using a fluorescently labelled primer. Genotypes were determined on an ABI 3730 DNA Analyser using GeneMapper, version 4.0 software (Applied Biosystems, Foster City, CA, USA) for allelic size assessment. The '523' allele was assigned according to the length of the PCR product. The convention established by Roses et al. 19 for determining alleles was used: Short (S), p19; Long (L), 20-29; Very Long (VL),^30.
Statistical analysis
Genome-wide association analyses of cognitive ageing phenotypes were initially carried out for each of the CAGES cohorts, split by gender, using linear regression under an additive model, in PLINK. 45 Meta-analyses were performed to combine the males and females for each cohort using the program METAL (www.sph.umich.edu/csg/abecasis/Metal). All association analyses were adjusted for four MDS components to correct for any population stratification, as described previously. 46 An inverse variance weighted meta-analysis of all of the CAGES cohorts was performed (www.sph.umich.edu/csg/abecasis/Metal). Gene-based tests for association were performed on the meta-analysis results using VEGAS. 47 Published candidate genes previously associated with AD (http://www.alzgene.org/) were examined for association with cognitive ageing using this genebased method.
To investigate the effect of APOE on cognitive ageing, individuals were first classified according to APOE e4 allele carrier status because of previously reported associations of the e4 allele with cognitive variables. 13 Association of the APOE e4 carrier status variable with cognitive ageing was assessed using a linear regression analysis. All GWAS analyses described above were repeated with APOE e4 allele dosage fitted as a covariate. A second APOE analysis was performed using APOE e2 allele carrier status to investigate the previously reported protective effect of the e2 allele on LOAD. 17 Association of the APOE e2 carrier status variable with cognitive ageing was assessed using a linear regression analysis.
Biological pathway analysis was performed using WebGestalt2. 48, 49 A list of suggestive findings from the VEGAS analysis (Po0.01) was used in this analysis. An enrichment analysis for the Gene Ontology categories was performed using the hypergeometric test. The resulting P-values were corrected for multiple testing using the Benjamini-Hochberg method. 50 The significance threshold was Po0.05 and the minimum number of genes for a category was two. Functional annotation analysis was carried out using DAVID, a data-mining integrated environment of bioinformatics resources. 51 Suggestive findings from the VEGAS analysis were used and functional annotation of this list was performed using Gene Ontology terms, pathways, protein domains, disease associations and functional categories. The highest clustering stringency was used as this generates fewer functional groups, with more tightly associated genes in each group. An enrichment score of X1.3 indicates a cluster that should be examined in further detail; this is equivalent to P ¼ 0.05.
Replication analyses. In the Swedish cohorts, tests of marker effects proceeded in the context of simultaneous growth model fitting. The rs2075650 marker was recoded into number of rare alleles. A baseline growth model was fitted including the retest covariate. A second model added rs2075650 as a predictor of performance level and change. Model comparisons were conducted by calculating difference w 2 tests to evaluate the association of rs2075650 with the three cognitive trajectory parameters (intercept, linear and quadratic change). Where indicated, analyses included APOE entered as a two-SNP set in the baseline model (rs429358 and rs7412, each recoded into a number of rare alleles), and subsequently rs2075650 was added to determine its unique contributions.
Tests of individual growth parameter effects were based upon t-statistics and associated P-values calculated by the parameter estimate divided by its asymptotic standard error.
Fine mapping. Genotype-phenotype association analyses were initially carried out on the fine mapping data for each of the CAGES cohorts, split by gender, using linear regression under an additive model in PLINK. 45 An inverse variance weighted meta-analysis of all of the CAGES cohorts was performed using METAL (www.sph.umich.edu/csg/abecasis/Metal). Conditional analyses were performed to test for independence of the top hits. Conditional analysis fits the allelic dosage of the specified SNP as a covariate in a linear regression analysis. SNPs remaining significant are assumed to have an independent effect on the phenotype with respect to the conditioned SNP. Allelic dosage of the top SNP from each locus of interest was fitted as a covariate in a genotype-phenotype analysis. These analyses, both genotype-phenotype association and conditional, were repeated for the female subjects using imputed data, and this analysis was performed using the MACH2 QTL software. 52, 53 The TOMM40 '523' variants were first classified into three categories, as described previously. 19, 21 The classifications were: 'Short' (S, Tp19), 'Long' (L, 20pTp29) and 'Very Long' (VL, TX30). Each individual was then assigned to one of the three groups: short homozygotes, short heterozygotes and non-short. Univariate analysis of variance was performed to assess the association between '523' repeat length and cognitive ageing. Table A1 for details of the tracks used. As regulatory features show both spatial/temporal and state differences between cell lines and tissues, the most appropriate analysis for this study was to investigate adult brain tissue or neuronal/glial cell data sets. Where possible, data mining was therefore restricted to central nervous systemrelevant cell lines or tissues. We analysed the genome-wide distribution of CpG islands (CPGI) using data from the UCSC genome browser CPGI track (hg19, cpgIslandExt) and protein coding gene models obtained from ENSEMBL (release 64). 55, 56 The genomic overlap between CPGI and gene models was computed using in-house scripts. This analysis was applied to the SNPs that reached suggestive significance from the fine mapping analysis (see Supplementary Note).
Functional genomic
analysis. Data mining of publicly available databases was performed by comparing existing and uploaded tracks on the UCSC genome browser 2009 human reference sequence (GRCh37 hg19); 54 see Supplementary Note Appendix
RESULTS
The meta-analysis of the GWAS of the CAGES cohorts identified a single SNP (rs2075650), on chromosome 19, that achieved a genome-wide significant association with cognitive ageing (P ¼ 2.47 Â 10 À 8 ; Figure 1 and Table 1 ). The SNP is located in the TOMM40 gene. The meta-analyses split by gender revealed genome-wide significance in the females (P ¼ 2.43 Â 10
), but not the males (P ¼ 0.15; Figure 1 , Table 1 ) in the meta-analysis of the CAGES cohorts.
Gene-based tests of association resulted in no significant findings based on a Bonferroni threshold (Po2.8 Â 10 ). Suggestive gene-based findings (Po0.01) are detailed in Supplementary Tables S5-7 .
The genome-wide significant finding, rs2075650, is an intronic SNP within TOMM40. This result was replicated in a pooled analysis of three later-life Swedish cohorts with cognitive ageing measures ( Table 1 ). In the Swedish analysis, the rs2075650 marker predicted variation in cognitive trajectories in both men (w 2 (3) ¼ 15. ). The Swedish pooled analysis is the only analysis that finds a significant association of rs2075650 with cognitive ageing in men (Table 1) . Figure 2 demonstrates the GWAS results for the CAGES females for a 200-kb region surrounding the TOMM40 gene. From the plot it can be seen that there are several genes in this region; however, the region is poorly covered by SNPs on the genotyping array used in this study. In close proximity to TOMM40 is APOE that has been previously linked to cognition in later life. 57, 58 Although not on the genotyping array used in this study, APOE e2/e3/e4 genotyping was available on the CAGES individuals and was included in some of the analyses. Regression analyses were performed to investigate the associations between the APOE e4 and e2 alleles and cognitive ageing (Table 2 and Supplementary  Table S8 ). The APOE e4 allele is significantly associated with a ). Quantile-quantile plots of the meta-analysis P-values for all of the CAGES individuals (d), females (e) and males (f ). The red dots represent the observed data; the black line is the expectation under the null hypothesis of no association. The color reproduction of this figure is available on the Molecular Psychiatry online. greater decline in cognitive ability in the entire CAGES sample (P ¼ 2.18 Â 10 À 8 ) and the male and female subgroups; however, the effect appears to be greater in females (p women ¼ 1.66 Â 10 À 11 ; p men ¼ 0.01). The APOE e2 allele shows a nominally significant association with less cognitive decline in the females (P ¼ 0.05). Supplementary Figure S3 shows the Manhattan and Quantile-Quantile plots for the CAGES GWA analyses adjusted for APOE e4 allele dosage. No SNPs were significantly associated with cognitive ageing. When adjusted for APOE e4 allele dosage, rs2075650 does not achieve even a suggestive significance threshold (p all ¼ 0.69; p women ¼ 0.37; p men ¼ 0.65).
In the pooled analysis of the Swedish samples, the two APOE SNPs are significant predictors of the cognitive trajectories in both men (omnibus P ¼ 3.30E À 05) and women (omnibus P ¼ 1.62 E À 03). When rs2075650 is added to a model containing the APOE SNPs, the effect of rs2075650 is not significant via the omnibus test in either men (P40.53) or women (P40.18). The linear effect is also not significant in either men or women; however, there is a trend in the intercept effect for women (P ¼ 0.0552).
The results of the association analyses from the fine mapping genotype data in the CAGES sample are shown in Table 3 , Figure 3 and Supplementary Table S9 . Results for all SNPs that reached a suggestive significance level of Po1 Â 10 À 5 in the meta-analysis of the females are presented in Table 3 . Four SNPs achieved genome-wide significance in the females, two of which also reached genome-wide significance in the whole sample. Results from both the meta-analysis of the CAGES cohorts and of the females are shown in Figure 3 . The top two SNPs in each analysis are located in APOE. The further seven suggestive SNPs in the females are located in TOMM40, five of which also reached suggestive significance in the whole sample. No significant results were observed from the analyses of the males. The pairwise linkage disequilibrium (LD), calculated from the CAGES samples, between the top two SNPs, rs429358 and rs769449, is r 2 ¼ 0.795, and between rs429358 and rs11556505 is r 2 ¼ 0.539. Because these SNPs are in moderately high LD and APOE has been previously linked to cognitive phenotypes, conditional analyses were performed to test the independence of these SNP effects ( Figure 4 ). This analysis was only carried out on the female sample. When the analysis was conditioned on rs429358, no significant associations were observed. However, when the analysis was conditioned on rs10556505, rs429358 remained significant (P ¼ 7.38 Â 10 À 5 ) at a Bonferroni corrected significance threshold (Po9.26 Â 10
). The results from the analysis of the imputed data in the female subjects are shown in Figure 5 . Again, the metaanalysis results (Figure 5a ) appear to highlight two loci of interest, APOE and TOMM40. However, when the analysis is conditioned on the top APOE SNP (rs429358), none of the other SNPs remain significantly associated. This suggests that the effects of APOE and TOMM40 on cognitive ageing are not statistically independent effects and that the association is driven by APOE-based variation. For the APOE SNP rs429358, a positive b is associated with the T allele; therefore, the presence of a T allele is associated with less cognitive decline. The T allele is associated with the absence of an e4 allele, which is consistent with previous findings linking e4 with increased cognitive decline. 13 Data on the TOMM40 '523' variant, rs10524523, were available for the Lothian Birth Cohorts and the Manchester and Newcastle cohorts. Results for the females are shown in Table 4 . Only one significant association was observed, in the Newcastle females (P ¼ 0.045). No significant associations were observed with the males in any of the cohorts.
To date, APOE and TOMM40 have been predominantly linked with AD. Because AD affects individuals in later life and is known to affect cognitive functioning, a candidate gene list was created from the AD literature and the association with cognitive ageing explored using the results from the gene-based analyses. Table 5 indicates that the only genes showing a significant association signal with cognitive ageing in the CAGES cohorts are APOE and TOMM40.
Biological pathway analysis was performed on the whole CAGES sample (188 genes) and on males (171 genes) and females (215 genes) separately. The results from these analyses are presented in Supplementary Figures S4 and S5 and Supplementary Tables S10 and S11. Seven Gene Ontology categories were found to be nominally associated with cognitive ageing in the entire sample. Five of these categories involved lipoproteins and triglycerides; APOE featured in each of these categories. The remaining two categories were linked to the major histocompatibility complex. The analysis of the males yielded some significant results under molecular function. The analysis of the females produced no significant results at the Po0.05 threshold.
The functional annotation analysis produced some significantly enriched annotation clusters (Supplementary Tables S12-14) . Lipoproteins and triglycerides featured again here with enrichment scores of 1.49 in the whole sample and 1.63 in the females. However, the individual categories mostly did not survive a Bonferroni correction for multiple testing of the category-specific terms. Two major histocompatibility complex categories in the whole sample, and one cholesterol-linked category in the females remained significant; no categories remained significant in the males.
Functional genomic analysis of the eight suggestively significant SNPs and rs7412 from the fine mapping analysis produced some evidence to support that these variants have a functional non-protein-coding effect. One SNP in particular (rs71352238) lies within a genomic region of open chromatin containing functional regulatory elements in central nervous system-relevant cells and brain tissue, and thus is a clear candidate to exert a functional effect on gene expression (see the Supplementary Note for details). Five additional SNPs are also housed within genomic regions indicated to be transcriptionally active. DNA methylation analysis also supports that three of the variants (rs184017, rs429358 and rs7412) may play a role in DNA methylationmediated modification of gene expression. Of these, the two APOE e4 encoding variants were found to have similar methylation states and are indicated to be within a region that shows differential methylation status. This finding provides support for the argument that epigenetic modification of these nucleotides may contribute to the APOE e4 disease risks.
DISCUSSION
The study found genome-wide significant association of the APOE region of chromosome 19 with nonpathological cognitive ageing in older adults and, more particularly, in older females. This result was replicated in a pooled analysis of three independent Swedish cohorts of older adults, in which the result was also significant in males. A fine mapping approach enabled this result to be dissected further and significant associations were identified with SNPs in both the TOMM40 and APOE genes. This region contains multiple genes and exhibits moderate to strong LD, and the conditional analyses indicate that APOE is driving the observed association. This is discussed in more detail below. Pathway analysis and functional annotation, although not producing highly significant results, also indicated APOE-related pathways involving lipoproteins, triglycerides and cholesterol. Associations between APOE and cognitive phenotypes, including cognitive ageing, in some of the CAGES cohorts have been reported previously, 21, [57] [58] [59] but this study included the first meta-analyses of these data. Functional genomic analysis of SNPs in these loci provided evidence to support that variants in this region may have a functional non-protein-coding effect.
A recent paper by De Jager et al.
14 presented results from a GWAS of age-related cognitive decline. They too identified an association between the TOMM40/APOE region and cognitive decline. However, this study included a large number of individuals with mild cognitive impairment (23.5%) and with AD (24.9%), and the average time of follow-up was 9 years in the discovery sample.
14 Therefore, the results of the De Jager et al. 14 study may have been driven by the pathological cognitive decline of a significant number of individuals. Although we cannot rule out the possibility that individuals in our study were suffering from preclinical dementia, all were living independently in the community and none were diagnosed with AD or other dementia. Therefore, the present study is a GWAS of mostly nonpathological cognitive ageing. We acknowledge, however, that the separation we have made into nonpathological and pathological cognitive ageing is not based on biological criteria, and that the biology of the two entities will overlap. Within the range of cognitive ageing we have studied, there are many individuals who will never proceed to dementia, and there will be some who are in the early stages of pathological cognitive ageing. It is valuable to explore the genetic bases of this milder variation in cognitive change because, being more common than dementia, it affects a greater proportion of the population and, as we discussed previously, the genetic effects on dementia cannot account for all of the effects of, for example, APOE on nonpathological cognitive ageing. ) in the female only meta-analysis. AF is the allele frequency of the effect allele in the entire Cognitive Ageing Genetics in England and Scotland (CAGES) sample; b is the effect size; s.e. is the standard error of the b. The values for rs2075650 differ slightly from those presented in Table 1 as genotype data were available for more individuals for this analysis.
There was a suggestive finding in the PLXNA2 gene, which has been associated with schizophrenia 60 and anxiety, 61 both of which have been linked with cognitive decline. 62, 63 PLXNA2 encodes the plexin-A2 protein, a member of the plexin-A family of semaphorin co-receptors. Semaphorins are a large family of secreted or membrane-bound proteins that mediate repulsive effects on axon pathfinding during nervous system development. Plexins have been implicated in nervous system development and adult neurogenesis. This requires further work in order to replicate the finding; it will be of interest to follow this up in both clinical and population-based cohorts.
It is not unexpected to find that APOE and TOMM40 have a role in cognitive ageing, as there are multiple studies describing associations of these genes with AD, 19, [64] [65] [66] cognitive phenotypes in old age 14, 21, 58, 67, 68 and exceptional longevity. 69 Previous studies involving the LBC1921 cohort reported that individuals with at least one APOE e4 allele declined more in intelligence functions across two periods of the lifecourse: from childhood to old age, and within the ninth decade. 21, 58 However, two studies of the LBC1936 cohort reported that APOE e4 did not influence memory abilities at 70 years of age 70 but did have an effect on general cognitive ability, nonverbal cognitive ability and choice reaction time. 57 Pendleton et al. 59 reported no association between cognitive decline and APOE in a subset of the Manchester and Newcastle cohorts used in the present study. It appears that the association with APOE in the CAGES cohorts may be associated with change in the oldest individuals and that the effect is greater in females. The direction of the effects observed for both APOE e2 and APOE e4 were consistent with the literature. The association between APOE and age was not followed up in this study as three of the cohorts are narrow-range birth cohorts and thus have little age variation, and the remaining cohorts would lack the power required to detect such effects. One obvious cause of this apparent age and sex difference would be if the samples contained considerably more older female individuals; however, if we take LBC1921 as an example we see that a greater effect is observed in the females. There is little age variation and the sample comprises 60% females. Also, significant effects were observed in the Swedish males; however, the combined Swedish cohorts have a mean age of 82.8 years, which is considerably older than a large proportion of the CAGES individuals. From the earlier APOE studies described above, it is apparent that the individual cohorts at times lacked power to detect this APOE effect and that by combining these cohorts to create the CAGES project-and focussing on a phenotype of cognitive ageing-we have increased the sample size, and thus the power, to enable the discovery of such effects on cognitive ageing.
A recent study identified a polymorphic poly-T variant in the TOMM40 gene that provides greatly increased precision in the estimation of age of onset of LOAD for APOE e3 carriers. 19 Previously, APOE studies have predominantly focussed on the e4 allele as this was identified originally as the AD risk allele. However, this study by Roses et al. 19 suggests that the association between this region and cognitive ageing and age-related disease appears to be more complex than solely the APOE e4 risk allele. A subsequent paper found this Poly-T variant to be highly variable in diverse populations. 41 Data on this '523' repeat were available for the Lothian Birth Cohorts and the Manchester and Newcastle cohorts. A significant result was observed in the Newcastle cohort females (P ¼ 0.045). No significant associations were seen with the '523' variant and the other cohorts.
The results described here along with the close physical proximity of TOMM40 and APOE, the level of LD observed and previous associations reported in this region suggest that there is a significant association with cognitive ageing in this region. It has not been possible to dissect this association further, although the conditional analyses suggest that APOE is driving the observed association and this is the most parsimonious explanation of the results. As in any SNP-trait association, statistical association alone is not sufficient to infer causality. Also, we cannot be certain that we have analysed all potentially causal variants in the region.
A recent study describing a functional analysis of the APOE locus, including TOMM40 and APOC1, reported that multiple APOE locus cis-regulatory elements influence both APOE and TOMM40 promoter activity. 71 This suggests that there is a complex transcriptional regulatory structure modulating regional gene expression at this locus. Functional genomic analysis, performed as part of the present study, of TOMM40/APOE variants that were significantly associated at a suggestive level with cognitive change also produced some evidence indicating that these variants have regulatory non-protein-coding effects. Of note, the potential for DNA methylation modifications of the APOE e4 nucleotides supports the hypothesis that epigenetic mechanisms may contribute to the phenotype of cognitive decline. Deep sequencing of this region in larger cohorts combined with functional work may identify the causal variants involved in this association and elucidate the relationship between APOE and the ageing brain.
A limitation of the present study is the potential for phenotypic heterogeneity, because the time between measurements is different between the English and Scottish cohorts. However, the later-life change documented in the English cohorts will also have occurred in the Scottish cohorts; therefore, any associations linked specifically to later-life change should be significant in the joint analyses. Previous studies of cognitive change have often suffered from a poor phenotype, for example, being studied over short periods of time with insufficient measurements. 7 The strength of this study lies in the rare phenotypes available from the CAGES cohorts. Very few cohorts have measured cognitive change over such an extended time period as those that were the follow-up studies of the Scottish Mental Surveys. The cognitive change phenotypes for the Scottish cohorts were calculated over 53-to 68-year intervals. We note that-given our recent estimate of the additive genetic contribution to lifetime cognitive change being B0.24 (see ref. 11)-the present results leave most of this heritability still missing, most likely because the effect sizes of remaining variants that are in LD with the common SNPs are too small to be detected with the sample size of our discovery cohorts.
In conclusion, we report results of the first GWAS on nonpathological cognitive ageing in older individuals. We show an association of variants within the APOE region with cognitive ageing and have replicated this finding in three independent Swedish cohorts. The association appears to be greater in females and more significant in cohorts with the oldest individuals. This study also highlights that the candidate variants within this region may have a cis-regulatory role on gene transcription, and that noncoding epigenetic mechanisms may contribute to the well-established APOE e4 risk effect. Deep sequencing and indepth functional genomics studies will be required to dissect further this association with the APOE region.
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